Background--The role of kidney hypoxia is considered pivotal in the progression of chronic kidney disease. A widely used method to assess kidney oxygenation is blood oxygen level dependent (BOLD)-magnetic resonance imaging (MRI), but its interpretation remains problematic. The BOLD-MRI signal is the result of kidney oxygen consumption (a proxy of glomerular filtration) and supply (ie, glomerular perfusion). Therefore, we hypothesized that with pharmacological modulation of kidney blood flow, renal oxygenation, as assessed by BOLD-MRI, correlates to filtration fraction (ie, glomerular filtration rate/effective renal plasma flow) in healthy humans.
B
ased on extensive animal research, disturbances of renal oxygenation are considered pivotal in the progression of chronic kidney disease (CKD). [1] [2] [3] Activation of the reninangiotensin-aldosterone system is one of the major determinants of renal perfusion and oxygenation. 4, 5 In an elegant proof-of-concept study, Schachinger et al studied renal oxygenation by blood oxygen level dependent (BOLD)-magnetic resonance imaging (MRI) and demonstrated an acute decrease in cortical oxygenation during supraphysiological bolus injections of angiotensin II (Ang-II) in healthy volunteers. 6 Subsequently, in 2 more recent studies, Blankestijn and coworkers showed that blocking the renin-angiotensinaldosterone system in CKD patients increases renal oxygenation. This effect was predominantly present in the renal medulla. 7, 8 In a similar study in healthy subjects, angiotensinconverting enzyme inhibition increased oxygenation in both cortex and medulla. 9 However, none of these studies were able to relate BOLD measures of kidney oxygenation among CKD patients to kidney function. 10, 11 This implies that either the hypothesis on the role of hypoxia in the progression of CKD in humans is not correct, or the interpretation of the kidney BOLD signal should be revised. In this study we focus on the latter. The BOLD-MRI signal is expressed by the transverse relaxation rate or R2*. This value represents the ratio between oxy-and deoxyhemoglobin and increases in R2* value indicate decreases in oxygenation. Therefore, it is the result of the oxygen extraction rate from the blood (ie, oxygen demand, a proxy of glomerular filtration rate) and blood supply (perfusion). 12 BOLD-MRI does not differentiate between the two. Against this background, assessing oxygen demand and supply, respectively, is essential to understand the relation between renal oxygenation as measured by BOLD-MRI and kidney function. Others have also suggested that measurement of renal blood flow (RBF) could be a prerequisite in interpreting renal BOLD-MRI; 10, 13 however, this has not yet been shown.
In an attempt to improve the interpretation of renal BOLD, we choose to translate kidney oxygenation and perfusion into terms corresponding to the physical properties of the MRIderived parameters. By doing so, we accepted a vast simplification of the very complex regulatory mechanism of RBF and oxygenation a priori. Considering a stable plasma sodium concentration (eg, during an acute intervention without fluid or electrolyte intake), glomerular filtration rate (GFR) indirectly represents the filtered sodium load. If GFR increases, then water and sodium reabsorption will increase to maintain volume homeostasis. While water reabsorption is metabolically neutral, sodium reabsorption is not and with increasing GFR, the tubular oxygen demand increases. Therefore, we consider GFR and effective renal plasma flow (ERPF) to represent oxygen demand and supply, respectively, and then the oxygenation balance should be represented by the filtration fraction (FF).
14 Because FF is the calculated GFR/ERPF ratio, it should depend on demand and supply, thus implying that FF might be one of the main determinants of renal oxygenation status. 2 Therefore, we employed a combination of renal BOLD-MRI, MRI-based renal flow measurements, and radioisotope measurements of kidney function during standardized RBF modulation by continuous, steady-state Ang-II infusion in healthy human subjects. 15 We hypothesized that in healthy humans (1) Ang-II infusion causes a dose-dependent decrease in both RBF and oxygenation, (2) oxygenation changes induced by Ang-II spatially differ between cortex and medulla, and finally (3) renal oxygenation directly correlates to FF.
Methods

Study Population
Eight healthy subjects were studied (age 20AE1 years, 5 males). Their medical histories revealed no significant disease, none used medication, and physical examination was unremarkable. Blood pressure was 120AE5/63AE6 mm Hg (systolic/diastolic). Plasma creatinine was 71AE11 lmol/L, hemoglobin level was 8.9AE0.6 mmol/L, and hematocrit was 0.47AE0.03. Spot urine samples tested negative for proteinuria by dipstick. Baseline characteristics are given in Table. Written informed consent was obtained from all participants and the study was approved by the institutional review board of the Academic Medical Center at the University of Amsterdam.
Study Design
All subjects visited our institution on 2 occasions. MRI was performed on visit 1 while visit 2 involved GFR and ERPF measurements. Directly before each visit, subjects collected 
Magnetic Resonance Imaging
MRI was performed on a 3.0-Tesla MRI system (Ingenia; Philips Healthcare, Best, The Netherlands). Survey scans, including three-dimensional Dixon, were used to locate the position of the kidneys. Subsequently, BOLD and phase contrast (PC) MRI scans were acquired at baseline and at each Ang-II dose with an initial run-in period of at least 120 s after each Ang-II dose increase. Acquisition time for each set of scans was %10 minutes (Figure 1 ), and Ang-II infusion time was 12 minutes per dose. Three-directional blood flow velocity was measured by phase contrast (PC) MRI in a slice placed perpendicular to the right proximal renal artery, as described previously. 15 The number of ECG-triggered cardiac phases was 30. PC MRI sequence parameters were as follows: field of view 2009200 mm, resolution=0.6590.65 mm 2 , slice thickness=3 mm, repetition time/echo time=8.5/5.7 ms, flip angle=10°, sensitivy encoding factor=2, velocity encoding= 100 cm/s in all directions. Offline image processing for PC MRI was performed using dedicated software (GTFlow version 2.2.9, GyroTools LLC, Z€ urich, Switzerland). After correction for background phaseoffset errors and aliasing, mean RBF (mL/s) was calculated in the right proximal renal artery using manual vessel segmentation in each cardiac phase ( Figure 1D through 1F). Further RBF analysis assumed equal perfusion of both right and left kidneys. 19 To make direct comparison between the radioiso- Changes in the BOLD-MRI signal were quantitatively assessed by measuring the transverse relaxation rate (R2*) within different regions of interest. The R2* value is the rate of exponential signal decay during MRI acquisition, partly as result of the presence of local field inhomogeneities. The R2* value is influenced by magnetically active particles such as deoxyhemoglobin. A decrease in oxygenation therefore leads to a relative increase in deoxyhemoglobin and an increase in R2*. We measured R2* using a multiecho single-slice fast field-echo MRI sequence with the following parameters: field of view=4009400, resolution=1.291.2 mm 2 , slice thickness=4 mm, repetition time=140 ms, flip angle=70°, echo time=2 ms, Decho time=5 ms; number of echoes=16. 20 Image acquisition was performed during a single expiratory breath hold in a coronal slice where the kidney cross section was largest and cortical/medullary definition best visible on the survey scans ( Figure 1A ). Offline image processing for BOLD imaging was performed using routines written in Matlab (The MathWorks, Natick, MA). In each kidney, 8 circular regions of interest with an 8-voxel diameter were identified at regular intervals throughout the renal cortex and medulla ( Figure 1A ) in the baseline scan. For each subject, the resulting masks were then applied to the 3 subsequent BOLD images acquired during staged Ang-II infusion. Where necessary, regions of interest were adjusted vertically or horizontally to match any movement of the subject during the scan. Renal R2* values were calculated for cortex and medulla separately, via monoexponential fitting to the multiecho data ( Figure 1B and 1C 
Statistical Analysis
The primary outcome of this study was cortical and medullary R2* during staged Ang-II infusion. The effect size was estimated at 0.5, based on data reported by Visser et al and Gloviczki et al 16, 24 A priori, the study was powered at 0.8 to detect a significant R2* effect during Ang-II infusion with an a of 0.05 by ANOVA for repeated measures. Levine's test was used to assess normal distribution of the data. Normally distributed variables are presented as meanAESE, and nonnormally distributed as median (range) or as proportion where appropriate. One-way ANOVA for repeated measures was used to assess the dose-dependent effect of Ang-II on systemic (blood pressure, heart rate, CO, and systemic vascular resistance) and renal (GFR, ERPF, FF, and renal vascular resistance) hemodynamic parameters, renal artery blood flow, and cortical and medullar R2*. In case the sphericity assumption was violated, degrees of freedom were corrected according to Greenhouse-Geisser. Pairwise comparison between baseline and each Ang-II dose was performed using post hoc analyses with Bonferroni correction.
Taking into account the clustered nature of the repeated measures, we used linear mixed model analysis to test the association between cortical or medullar R2*and radioisotope measurements of GFR, ERPF, or FF. The model included the Ang-II dose as covariate and the measurement number as factor, in order to take the within-subject relation of the measurements into account. All variables were included as fixed variables into the model, which was corrected for random intercept variation. All statistical analyses were performed using SPSS Statistics 22 (IBM, Chicago, IL). A Pvalue <0.05 was considered significant.
Results
Systemic and Renal Hemodynamic Changes Induced by Ang-II
Systemic and renal hemodynamic changes during Ang-II infusion are shown in Figure 2 . On both study visits, there was a significant effect of Ang-II infusion on the mean arterial blood pressure increased dose dependently during Ang-II infusion. During visit 1, mean arterial blood pressure increased from 82AE2 at baseline to 90AE2 mm Hg at maximal Ang-II dosage, F(3, 21)=27.9, P<0.001. At visit 2, mean arterial blood pressure increased similarly from 82AE2 to 98AE2 mm Hg at maximal Ang-II dosage (F [3, 21] =24.0, P<0.001, Figure 2A ). Figure 2F ). FF increased from 0.37AE0.02 at baseline to 0.44AE0.03 (F [3, 21] =53.4, P<0.001, Figure 2G ). GFR change was less overt (121AE7. Figure 2E ).
Renal Oxygenation Changes Induced by Ang-II
At baseline, cortical R2* (CR2*) value was 17.4AE1.1 and medullary R2* 29.3AE1.5 s À1 ( Figure 3A and 3B Figure 3A ). Medullary R2* did not change during Ang-II infusion (F [3, 21] =1.38, P=0.29, Figure 3B ). There was no association between CR2* and GFR (F[20.3, 142]=0.014, P=0.58) or between CR2* and ERPF (F [25.9, 182]=À5.1910 À4 , P=0.97). Also, there were no associations between medullary R2* and GFR or ERPF.
To account for the influence of tissue perfusion on kidney function, we explored the association between CR2* and radioisotope measured FF. This resulted in a positive association depicted in Figure 4A (F [7. 69, 53.8]=18.15, P=0.049). In order to make it possible to associate BOLD-MRI to GFR, we corrected CR2* for renal plasma flow by substituting the MRI derived parameters: CR2* and PC-RPF for the FF and ERPF in the following formula for the FF (FF=GFR/ERPF). With these assumptions we calculated the CR2*•PC-RPF product; subsequently this product did associate positively to GFR (F [15.9, 111]=69.3, P=0.022, Figure 4B) .
To evaluate the dependence of the CR2*•PC-RPF product's relation to GFR on the Ang-II dose, additional regression analyses at each Ang-II dose are included in Figure 4B . The figure shows regression lines for each Ang-II dose with similar b coefficients; 98, 119, 113, and 121 for baseline, 0.3, 0.9, and 3.0 ng/kg per minute Ang-II, respectively.
Discussion Major Findings
In the present study, we corroborate that continuous steadystate Ang-II infusion causes a dose-dependent decrease in RBF in healthy humans. However, the flow reduction is only accompanied by a minor decrease of oxygenation in the cortex, and not in the medulla. As a composite of oxygen supply and demand, the FF is an important determinant of cortical oxygenation. These data imply that kidney BOLD-MRI on its own is most associated with FF and RBF measurement may be a prerequisite to interpret renal BOLD-MRI in terms of glomerular filter function.
Ang-II and Renal Hypoxia
The systemic effects of the Ang-II infusion that we found are, although not all statistically significant, similar to those reported previously in young healthy volunteers. 16 As to the magnitude of the RBF decrease (which was highly statistically significant): This was adequate to test our hypotheses regarding changes in renal oxygenation. BOLD-MRI-derived R2* values were also comparable to previously reported values in the kidney cortex and medulla, both in magnitude and range. 7, 8, 10, 13 Ang-II induced an increase in cortical R2*, reaching a plateau phase that did not change between 0.9 and 3.0 ng/kg per minute Ang-II. Interestingly, this maximal cortical R2* change is similar to those found by Schachinger et al during bolus infusion with 8 ng/kg Ang-II and by Gloviczki et al in patients with severe renal artery stenosis. 6, 13 These observations suggest that the effect of RBF on renal oxygenation is restricted. Possibly this is due to a simultaneous and proportional effect of RBF on the metabolic workload. This is further illustrated by separate linear regression analysis at baseline and each Ang-II dose of the relation between GFR and the flow corrected CR2*, showing similar b coefficients for each condition. This could indicate that both the afferent and efferent renal vasculature is equally affected with increasing Ang-II dose.
As to the spatial differentiation of the effects of impaired RBF, our data also indicate that RBF restriction does not affect medullary oxygenation but manifests as a decreased cortical oxygenation similar to observations in critical renal artery stenosis. 13 Therefore, these observations are not in line with the proposed role of Ang-II in the development of hypoxic damage in the renal medulla in CKD. However, deterioration of kidney function is a slow and chronic process. In this respect, our results represent the reaction to acute kidney blood flow reduction and management of a kidney-specific hemodynamic stressor in healthy humans as opposed to chronically impaired sodium homeostasis and subsequent renal dysfunction in CKD patients.
Interpretation of Renal BOLD-MRI
Ever since its introduction, the interpretation of renal BOLD-MRI has been challenging. BOLD imaging remains an indirect measure of tissue oxygenation, resulting from the complex interplay of blood flow, hemoglobin oxygen saturation, and other biological factors such as vessel geometry, hydration status, hematocrit, and pH. It cannot differentiate between oxygen delivery, oxygen consumption, and efficiency of arteriovenous oxygen diffusion. Inherently, baseline BOLD signal intensity cannot be translated directly to an absolute quantitative measure of oxygenation.
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To improve the interpretation of renal BOLD-MRI, we compared R2* measurements to radioisotope kidney function measurements (GFR, ERPF, and FF). We were unable to show an association between renal R2* values and GFR. However, we found a clear relation between cortical oxygenation measured by BOLD-MRI and the FF. Therefore, for correct renal BOLD-MRI interpretation, simultaneous assessment of RBF measurements may be obligatory. MRI-based flow measurements for such a purpose are widely used and easily implemented.
In this study, we adhered to the most frequently used single-slice BOLD-MRI analysis method with observer-selected regions of interest in the renal cortex and medulla, in order to allow the comparison of our results to those reported previously. In future studies, renal BOLD-MRI interpretation could be further improved upon by the implementation of new analysis algorithms that are more observer independent and provide a more detailed insight into the oxygenation gradient across the medulla and cortex. 
Study Limitations
This study has several potential limitations that merit discussion. First, PC MRI measurements of RBF were performed in the right renal artery only and assumed equal perfusion of both kidneys. However, this can be justified since kidney perfusion should amount to %20% of CO in healthy individuals 19 and we measured a baseline RBF of 19AE4.4% of CO. Secondly, we studied healthy volunteers and this limits the generalizability of our findings to CKD patients. Further studies in kidney disease require validation of the combined BOLD and PC MRI measurements. Also, we did not assess alterations in sodium hemostasis in these individuals, which might have influenced renal oxygenation. Lastly, we acknowledge the discrepancy between the radioisotope-and MRI-measured renal plasma flow. The 131 IHippuran-derived ERPF values we found are comparable to those reported by others. 16 However, these values underestimate the MRI-derived PC-RPF. This discrepancy can be attributed to two possible causes: (1) The renal extraction of Hippuran is not 100%, but about 85% to 90%. 26 ( 2) The remaining 25% underestimation could be attributed to extranephronic perfusion as Hippuran measures effective RPF only (ie, the amount of plasma that passes through the glomeruli). However, in proportional changes, both methods show satisfactory concurrence.
Perspectives
In conclusion, Ang-II causes a dose-dependent decline in RBF. The observed oxygenation change differs between cortex and medulla. During an %30% perfusion reduction of the kidneys, medullary oxygenation is maintained. By direct comparison among radioisotope GFR, ERPF, and FF measurements and BOLD-MRI of the kidneys, we showed that, out of these 3 renal perfusion parameters, renal BOLD-MRI associates most with kidney FF and not with GFR. As the FF is the product of both the GFR and RPF, the interpretation of renal BOLD-MRI might be improved with simultaneous RBF measurements in future studies.
